ABSTRACT. To ascertain the alterations in cerebral oxiHypothermic circulatory arrest has become an established dative and energy metabolism that occur during hypother-procedure for the operative correction of congenital heart anommic circulatory arrest, nitrous oxide-anesthetized, para-alies in infants and children (1). Despite the prevalence of its use lyzed, and artificially ventilated newborn dogs were surface in clinical practice, little basic research has been conducted to cooled to 18-20°C, after which their hearts were arrested investigate the protective influence of hypothermia superimposed with KCI. At 10, 30,60, and 105 min of circulatory arrest, upon systemic hypoxia, hypotension, or cardiac arrest in peritheir brains were prepared by in situ freezing for the natal animals (2-5). Accordingly, we have developed a model of regional analysis of glycolytic intermediates and high-hypothermic circulatory arrest in the newborn dog; the neuroenergy phosphate reserves. Hypothermia alone was asso-pathologic consequence thereof is now well documented (6, 7). ciated with optimal preservation of labile metabolites in Specifically, newborn dogs subjected to hypothermic circulatory brain, even in caudal brainstem and cerebellum, compared arrest of 1.0 h duration exhibit no brain damage at 4 or 24 h of with barbiturate-anesthetized littermates. After onset of recovery, whereas puppies arrested for 1.5 h or longer show hypothermic circulatory arrest, glucose decreased progres-progressively increasing ischemic injury to selectively vulnerable sively in cerebral cortex, caudate nucleus, hippocampus, structures. It is not known just how long a human infant can and subcortical white matter to negligible levels by 30 min. tolerate hypothermic circulatory arrest, although clinical studies Pyruvate increased transiently (+SO%) at 10 min, whereas suggest a "safe" interval (60-75 min) similar to that of the lactate increased and plateaued (10-11 mmol/kg) at 30 newborn dog (8-10). min. The disproportionate increases in pyruvate and lactate
partially depleted by 30 min in the gray matter structures but were unchanged from control for 60 min in white MATERIALS AND METHODS matter. The findings showed a direct correlation between preservation of cerebral energy stores during hypothermic Animal preparation. Pregnant mongrel dogs were purchased circulatory arrest and the selective resistance of subcortical from a local breeder and maintained in separate kennels. Newwhite matter to ischemic damage. However, no such cor-born puppies, delivered vaginally, were maintained with their relation existed for the hippocampus, in which other factors bitches until time of experimentation between 2 and 7 d of must influence the resistance of this structure to ischemic postnatal age. The newborn dogs were anesthetized with haloinjury during hypothermia. (Pediatr Res 32: 547-552, thane (4% induction; 1-1.5% maintenance), during which they 1992)
were tracheostomized, paralyzed with pancuronium bromide (1.5 mg/kg body weight), and artificially ventilated with a gas mixture of 30% oxygen-70% nitrous oxide. Duration of the Abbreviations halothane exposure did not exceed 5 min. Under local anesthesia Pao2, arterial oxygen tension (1 % procaine HCI), a femoral artery was cannulated with polyPacoz, arterial carbon dioxide tension ethylene tubing (PE-60), which was connected via a Statham pHa, arterial pH transducer (Gould Inc., Oxnard, CA) to a dynographic recorder PCr, phosphocreatine (model R 71 1; Beckman Instruments, Inc., Fullerton, CA) to MABP, mean arterial blood pressure monitor heart rate and systemic blood pressure. A side arm of the arterial catheter allowed for the intermittent collection (0.2 mL) of blood for analysis of Paoz, Paco2, and pHa on a microoxygen and acid-base analyzer (model ABL 30; Radiometer YAGER cannulated as an access route for infusion of drugs. Body temperature was monitored by means of a rectal probe attached to a servo-controlled heating lamp. Induction of hypothermic circulatory arrest. Once steady state arterial normoxia and acid-base balance were achieved, the newborn dogs (n = 1 1) were gently positioned prone on a plastic bag containing crushed ice, and additional ice packs were applied to the back and head. Rectal temperature was continuously monitored during the cooling period, and the ice packs removed when the temperature approached 20°C. No adjustments in tidal volume or ventilatory rate were made during or after the cooling process. Rectal temperature was maintained between 18 and 20°C by occasionally applying ice packs to the lateral aspects of the chest and abdomen.
Once the cooling process was complete, the heart of each newborn dog was arrested by the i.v. administration of KC1 (25 mmol/L) in a small volume (2-3 mL). Artificial ventilation was discontinued simultaneous with the cardiac arrest. Complete circulatory arrest was verified by the absence of spontaneous heart rate and systemic blood pressure monitored on the dynograph. The animals remained asystolic for either 10 (n = 3), 30 (n = 3), 60 (n = 3), or 105 (n = 2) min.
During the course of hypothermic circulatory arrest, the scalp of each newborn dog was incised along the sagittal suture under local anesthesia. A bottomless plastic cup was then secured with sutures to the exposed calvarium for freezing the brain by an in situ technique (1 1). Transcalvarial freezing of the brain was complete in 5 to 7 min, after which the animals were decapitated into liquid nitrogen, and the frozen head was stored at -70°C for subsequent processing.
The head of each newborn dog was sectioned under liquid nitrogen in the coronal plane to expose multiple surfaces of the brain. Samples (60-100 mg) of cerebral cortex, subcortical white matter, hippocampus, and caudate nucleus as well as brainstem and cerebellum in selected animals were dissected in a cold box set at -20°C and powdered under liquid nitrogen. Weighed samples of brain powder were extracted into 3 M perchloric acid as previously described (12) . Arterial blood specimens (0.02 mL) for glucose and lactate determinations were immediately extracted into ice-cold 0.5 M perchloric acid.
Glycolytic intermediates and high-energy phosphate reserves in brain and blood were determined fluorometrically using pyridine nucleotides and appropriate enzymes. The methods for glucose, pyruvate, phosphocreatine (PCr), ATP, ADP, and AMP were essentially as described by Lowry and Passonneau (13) . Lactate was measured as previously reported (1 2).
Control animals. Three groups of control animals were used in the present investigation. One group (n = 4) consisted of newborn dogs that were rendered hypothermic without cardiac arrest. The second set of controls (n = 4) consisted of littermates to those undergoing hypothermia, in which body temperature was maintained at 37°C and anesthesia was accomplished with the slow i.v. infusion of pentobarbital (60-80 mg/kg) adequate to produce systemic hypotension to a degree identical to that of the hypothermic controls. The third group of controls (n = 3) consisted of puppies maintained at 37°C in which pentobarbital (25-30 mg/kg) was infused i.v. slowly to prevent systemic hypotension. After transcalvarial freezing, all control animals (normothermia and hypothermia) received a lethal injection of pentobarbital.
Cerebral energy use (cerebral metabolic rate). Cerebral energy use-cerebral metabolic rate-during hypothermia was calculated from the changes in the concentrations of ATP, ADP, PCr, glucose, and lactate that occurred during the total cerebral ischemia that takes place during the early phase (30 min) of hypothermic circulatory arrest according to an equation described by Gatfield et 
RESULTS
Systemic physiologic variables. Systemic physiologic measurements were conducted sequentially during both normothermia and hypothermia in the 11 newborn dogs that underwent circulatory arrest (Table 1) . During hypothermia, MABP and heart rate decreased to 72 and 3 1% of the normothermic values, respectively. Paco2 also decreased (-16%), whereas Pao2 essentially doubled (Paoz, Paco2, and pHa were measured at 37°C) (1 5) . Despite the lower Paco2 and the absence of a lactacidemia, pHa during hypothermia was unchanged from the normothermic value.
Systemic physiologic variables of the three groups of control puppies, obtained immediately before transcalvarial freezing, are shown in Table 2 . The major differences in the three groups related to systemic blood pressure, in which the hypothermic and barbiturate/hypotensive animals exhibited essentially identical MABP, whereas the barbiturate/normotensive animals maintained their MABP within 90% of the value obtained during normothermia and nitrous oxide anesthesia (Table I ). All systemic physiologic measurements in the hypothermic control animals were comparable to those also during hypothermia in the puppies subjected to circulatory arrest. 
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Cerebral metabolism in control and hypothermic animals. Unpublished studies from our laboratory have shown that the in situ brain freezing of normothermic, nitrous oxide-anesthetized dogs leads to substantial autolytic changes in the concentrations of labile tissue constituents ("freezing artifact"), especially of the deeper regions of the cerebral hemispheres, the brainstem and cerebellum (16). Therefore, three newborn dogs were surgically prepared as described in Materials and Methods, after which they were slowly anesthetized with pentobarbital over 10 to 15 min. The dosage of pentobarbital (25-30 mg/kg) was adequate to produce deep surgical anesthesia without significant hypotension. Four additional dogs received pentobarbital (60-80 mg/kg) over 10 to 15 min adequate to produce a reduction in systemic blood pressure equivalent to that of the hypothermic animals ( Table 2 ). Transcalvarial freezing of the brain was then accomplished, and tissue specimens were prepared and assayed for glycolytic intermediates and high-energy reserves. Previous studies in adult and perinatal animals suggest that barbiturate anesthesia optimally preserves labile constituents in brain with or without associated systemic hypotension (1 5, 17) .
A regional comparison of the concentrations of glycolytic intermediates and high-energy phosphate reserves in newborn dogs rendered hypothermic indicated that labile metabolites were reasonably well preserved even in the brainstem and cerebellar structures (Fig. 1) . Such was not the case for the pentobarbital anesthetized animals (either normotensive or hypotensive), in which alterations in tissue constituents were apparent, especially in the brainstem and cerebellum. These perturbations included variable increases in lactate and associated lactate/pyruvate ratios ( p > 0.05) combined with 58 and 64% reductions in PCr of the brainstem and cerebellum, respectively ( p < 0.05), compared to hypothermia. However, the freezing artifact of these structures was inadequate to disrupt energy metabolism further, inasmuch as concentrations of ATP and the total adenine nucleotide pool (ATP + ADP + AMP) were not significantly different in any analyzed structure of the hypothermic and barbiturate-anesthetized animals. Accordingly, hypothermia to a core temperature of 20°C appears to have preserved labile constituents in brain equal to or better than surgical anesthesia with pentobarbital.
Cerebral metabolism during hypothermic circulatory arrest. A total of 11 newborn dogs were subjected to either 10, 30, 60, or 105 min of hypothermic circulatory arrest, during which their brains were frozen for analysis of glycolytic intermediates and high-energy phosphate reserves. Alterations in oxidative and energy metabolism of four representative regions of forebrain are shown in Figures 2 and 3 ; these structures were chosen because of their known respective vulnerabilities to ischemic damage resulting from hypothermic circulatory arrest. Specifically, cerebral cortex and caudate nucleus appear most sensitive, hippocampus less sensitive, and subcortical white matter most resistant (for details, see Discussion).
In all structures analyzed, hypothermic circulatory arrest was associated with a progressive decline in tissue glucose to near negligible levels by 30 min of total cerebral ischemia. As glucose decreased, lactate increased, at least initially, indicating a shift from aerobic to anaerobic glycolysis. Pyruvate (not shown) remained unchanged from hypothermic control values (0.09-0.14 mmol/kg) for up to 60 min of circulatory arrest, thereafter decreasing to concentrations ranging from 0.02 to 0.03 mmol/ kg. The increasing lactate combined with unchanging or decreasing pyruvate resulted in progressive increases in lactate/pyruvate ratios. That lactate in parietal cortex plateaued at 60 min of hypothermic circulatory arrest most likely reflects the total exhaustion of tissue carbohydrate stores, whereas in other structures a small amount of residual glucose and glycogen (not measured) possibly contributed to the further rise in lactate between 60 and 105 min.
Because the brain is totally ischemic (no arterial inflow or venous outflow) during hypothermic circulatory arrest, the maximal glycolytic flux can be calculated from the extent of lactate accumulation for any individual structure ( Table 3 ). The maximal glycolytic rates of parietal cortex, hippocampus, and caudate nucleus were comparable, whereas the glycolytic rate of subcortical white matter was 35-53% less than those of the gray matter structures ( p < 0.05).
Hypothermic circulatory arrest also was associated with major perturbations in the energy status of newborn dog brain. PCr fell precipitously in all analyzed structures, with a relative preservation of ATP for the first 10 min of cerebral ischemia. Thereafter, ATP also decreased to concentrations <O. 1 mmol/kg in parietal cortex and between 0.1 and 0.2 mmol/kg in hippocampus, caudate nucleus, and white matter by 60 min. Proportionate increases in ADP and AMP to maintain total adenine nucleotides (ATP + ADP + AMP) within the normal range occurred for only 10 min in parietal cortex, hippocampus, and caudate nucleus, whereas the total adenine nucleotide pool was unchanged for up to 60 min in white matter. After these intervals, ADP exhibited a secondary decline, whereas AMP continued to accumulate but to an extent inadequate to maintain the total adenine nucleotide pool stable.
Cerebral energy use during hypothermia. During the total cerebral ischemia that occurs after the onset of hypothermic circulatory arrest, cerebral functional activity must be maintained at the expense of endogenous high-energy phosphate stores and by the energy derivable from the anaerobic breakdown of glucose and glycogen to lactic acid. Thus, from measurements of the changes in these compounds early after the onset of * Maximal glycolytic flux for each brain structure was calculated from the changes in tissue lactate concentrations during the first 10 rnin of hypothermic circulatory arrest (Fig. 2) . Energy use was calculated from the changes in tissue glucose, lactate. PCr, ATP, and ADP during the first 30 min of hypotl~ermic circulatory arrest, according to the equation were obtained from the slopes of the lines (see Table 3 ). -represents the high energy phosphate bond. ischemia, the rate of cerebral energy use or the cerebral metabolic rate during hypothermia-before circulatory arrest-can be estimated (18) . Because glycogen concentrations are low in newborn dog brain (19) , energy use was calculated according to the equation described in Materials and Methods.
The rate of energy use (metabolic rate) of cerebral cortex during hypothermia was 0.69 mmol -P/kg/min, a rate that is 31% of the rate for newborn dog cerebral cortex during normothermia (20) (Table 3 ). Energy use rates of the hippocampus and caudate nucleus were comparable to that of cerebral cortex, whereas the use rate of white matter was slightly lower than those of the gray matter structures, although not significantly.
DISCUSSION
The findings of the present investigation should be interpreted in relation to the known neuropathologic responses of newborn dogs to hypothermic circulatory arrest of increasing durations. In an investigation published in this journal, nitrous oxideanesthetized and artificially ventilated puppies were subjected to hypothermic circulatory arrest for 1.0, 1.5, and 2.0 h; 3-4 h postresuscitation, they underwent perfusion-fixation of their brains for pathologic analysis (6) . No neuropathologic alterations were seen in puppies arrested for 1.0 h, whereas animals arrested for 1.5 h showed mild-to-moderate damage (selective neuronal necrosis) exclusively of the cerebral cortex, and animals arrested for 2.0 h exhibited severe damage of the cerebral cortex and also injury of the caudate nucleus and hippocampus. In a recently completed investigation, newborn dogs subjected to hypothermic circulatory arrest for 1 .O-1.75 h that were successfully weaned from anesthesia and artificial ventilation were allowed to recover for 18 to 24 h (7). As in the short-term recovery study, three of three puppies arrested for 1.0 h exhibited no brain damage, whereas one of three and four of four puppies arrested for 1.5 and 1.75 h, respectively, showed mild-to-moderate tissue injury predominantly of the cerebral cortex but also of the basal ganglia. The hippocampus was spared in these brains. Three dogs arrested for 2.0 h could not be weaned from ventilation and developed cardiovascular collapse over 4 to 6 h. From the combined studies, we concluded that newborn dogs undergoing hypothermic circulatory arrest for 1.0 h are fully recoverable and exhibit no brain damage; puppies arrested for 1.75 h are fully recoverable but exhibit mild-to-moderate brain damage; and puppies arrested for 2.0 h remain ventilator-dependent and exhibit severe brain damage at 3 to 4 h after cardiac resuscitation.
Given these neuropathologic considerations, the present investigation was designed to ascertain the extent of alterations in oxidative and energy metabolism during hypothermia and circulatory arrest of intervals known to produce brain damage. The data indicate that hypothermia alone to a core temperature of 18-20°C is not associated with any perturbations in cerebral glycolytic intermediates or high-energy reserves; on the contrary, these metabolites are preserved as well as or better than those measured in the brains of newborn dogs anesthetized with pentobarbital, i.e. minimal or no autolytic changes (freezing artifact) (16). Studies in adult animals also have demonstrated that hypothermia has no adverse influence on the energy status of brain tissue, whereas selected glycolytic and tricarboxylic acid intermediates, including pyruvate and lactate, are reduced, suggesting that oxidative metabolic flux has been curtailed by the lower than normal brain temperature (2 1-23). That oxidative metabolism is reduced is supported by the well-established observation that hypothermia substantially lowers the cerebral metabolic rate for oxygen (24) (25) (26) .
The data presented herein indicate major perturbations in the oxidative and energy status of newborn dog brain during hypothermic circulatory arrest. A species-and age-specific model of cardiac arrest during normothermia does not exist to allow metabolic comparisons at the two body temperatures. Vannucci and Duffy (1 1) did subject newborn dogs to normothermic asphyxiation, 10 min after which MABP had fallen to 20 mm Hg and cerebral perfusion was essentially nil. At 10 min of asphyxia, the magnitude of the decreases in cerebral cortical glucose, PCr, and ATP and the increases in lactate and ADP were comparable to those observed at 30 min of hypothermic circulatory arrest (present study), in keeping with the approximately 2/3 reduction in cerebral metabolism of newborn dog brain during hypothermia (see Results). A similar 2-to 3-fold prolongation of cerebral energy (ATP) preservation afforded by hypothermia has been described in adult dogs and rabbits undergoing hypothermic circulatory arrest (27, 28) .
It is apparent from the present and other studies that major perturbations in high-energy phosphate compounds can occur in newborn brain without subsequent tissue injury as long as the interval of cerebral ischemia is relatively short (1 1, 29) . Specifically, brain damage does not occur in newborn dogs subjected to 1 h of hypothermic complete cerebral ischemia (6, 7) despite depletion of PCr and ATP to 0.5-0.7% and 3-8% of control levels, respectively (Fig. 3) . The findings suggest that it is not just the absolute concentration-below a threshold value-of ATP (or total energy reserves) that predicts ultimate tissue injury but rather the relationship between the extent of the altered concentration and the duration of the energy failure (see also 30) (see below).
A major objective of the present investigation was to correlate regional alterations in metabolic activity and energy reserves during hypothermic circulatory arrest with the known differential vulnerability of specific brain structures to total cerebral ischemia in newborn dogs. In this regard, our neuropathologic studies have shown that cerebral cortex and caudate nucleus are consistently damaged after 1.75 h of cardiac arrest, whereas the hippocampus shows no or only minor injury (7) . White matter is spared, even after 2 h of cardiac arrest (6) . Given the minor differences in cerebral metabolic rate among the gray matter structures (cerebral cortex, caudate nucleus, and hippocampus) during hypothermia (see Table 3 ), it is unlikely that differences in preischemic metabolic activity per se account for the apparent resistance especially of the hippocampus to ischemic damage. The cerebral metabolic rate of subcortical white matter during hypothermia was 25-32% lower than those of the gray matter structures, which was associated with a preservation of the total adenine nucleotide pool (ATP + ADP + AMP) for 60 min or longer. These findings suggest that the resistance of white matter to ischemic injury is at least in part related to its intrinsic low rate of metabolic activity both before and during hypothermic circulatory arrest. Clearly, factors in addition to altered energy reserves contribute to the selective vulnerability of neuronal populations and especially the hippocampus to ischemic damage, whether during normothermia or hypothermia. However, without a major perturbation in the energy status of the tissue, it is unlikely that such factors, including the generation of oxygen-free radicals, disruption of intracellular calcium homeostasis, and excitatory amino acid neurotoxicity, are influential in rendering specific regions of brain susceptible to ischemic injury (3 . The role of these and other metabolic factors, occurring postischemia (no reflow, delayed hypoperfusion, uncoupled oxidative phosphorylation), has yet to be defined. These potentially critical events are the focus of future research on our model of perinatal hypothermic circulatory arrest.
